Epilepsy (BOX 1) is a common end point of many forms of acquired brain pathology (such as tumours, infection, stroke and traumatic brain injury). Epilepsy can also be the result of the mutation of a single gene (genetic epilepsy), and it can be one component of a neurodevelopmental disorder. The most common epilepsy syndrome in adults -mesial temporal lobe epilepsy (TLE; see BOX 2) -is typically considered to be an acquired disorder, resulting from injury to a previously normal brain. However, there are also familial (presumed genetic)
forms of TLE. Although usually applied to the acquired epilepsies, the concept of epileptogenesis might also be relevant to the genetic epilepsies. An anti-epileptogenic intervention could be used in the context of a broader neurodevelopmental abnormality that includes epilepsy if an underlying defect could be identified and modulated before seizures began. Conversely, there could be potentially modifiable genetic contributions to what are classically considered to be acquired epilepsies, including TLE [1] [2] [3] [4] . For example, an individual might have a genetic predisposition to risk factors for epilepsy, such as status epilepticus or hippocampal sclerosis, which in turn drive epileptogenesis.
In this Review, rather than attempting to provide a broad overview of epileptogenesis, we restrict our discussion to a set of emerging themes. We review the role of specific large-scale molecular cell signalling pathways in epileptogenesis, highlighting the mammalian target of rapamycin (mTOR) and repressor element 1 (RE1)-silencing transcription factor (REST; also known as neuron-restrictive silencer factor (NRSF)) pathways in acquired and genetic epilepsies. We discuss how dysfunction of specific subtypes of neurons might lead to epilepsy, with a focus on the theory of cortical GABAergic interneuron dysfunction as the basis of the infantile-onset epileptic encephalopathy of Dravet syndrome. Finally, we consider the pathology of discrete elements of neuronal circuits in mesial TLE. For a broader overview, see recent general reviews of the mechanisms of acquired epileptogenesis 5, 6 . Seizures are network events that require re-entrant activation of populations of neurons embedded within brain circuits; hence, epilepsy is inextricably a circuit-level phenomenon and cannot be understood outside this context. It is likely that multiple and diverse mechanisms of epileptogenesis overlap to various extents among different epilepsy syndromes, both acquired and genetic. However, for a discrete genetic mutation or dysfunction of a molecular signalling pathway or specific cell type to produce epilepsy, it must do so by altering the function of circuits. We suggest that a greater mechanistic understanding of circuit function and circuit-level dysfunction in epilepsy will lead to the development of successful and broadly applicable interventions in epileptogenic processes, which remain a primary unmet need in epilepsy therapy.
Molecular signalling pathways in epileptogenesis
The possibility that a brain injury or genetic abnormality might lead to the development of epilepsy through maladaptive activity of one or more large-scale molecular signalling pathways is inherently attractive, as this
Dravet syndrome
Previously referred to as severe myoclonic epilepsy of infancy, Dravet syndrome is a spectrum of severe infantile-onset epileptic encephalopathy that is due to an underlying genetic cause, most commonly mutation of the voltage-gated sodium channel subunit Na V 1.1. Typically, infants are initially normal, then develop febrile and afebrile seizures, progressing to myoclonus and multiple seizure types, and cognitive impairment.
Mechanisms of epileptogenesis: a convergence on neural circuit dysfunction
Ethan M. Goldberg and Douglas A. Coulter Abstract | Epilepsy is a prevalent neurological disorder associated with significant morbidity and mortality, but the only available drug therapies target its symptoms rather than the underlying cause. The process that links brain injury or other predisposing factors to the subsequent emergence of epilepsy is termed epileptogenesis. Substantial research has focused on elucidating the mechanisms of epileptogenesis so as to identify more specific targets for intervention, with the hope of preventing epilepsy before seizures emerge. Recent work has yielded important conceptual advances in this field. We suggest that such insights into the mechanisms of epileptogenesis converge at the level of cortical circuit dysfunction.
Circuits
Brain elements that are composed of a collection of neurons of various types and are connected to one another to form a network or ensemble, the operation of which is directed towards a particular function or domain of information processing. Circuits receive inputs, process information and produce outputs.
Tuberous sclerosis
An autosomal dominant multisystem disorder that is caused by a mutation of the tumour suppressor genes tuberous sclerosis complex 1 (TSC1; encoding hamartin) or TSC2 (encoding tuberin). It is accompanied by the characteristic brain lesions of cerebral cortical tubers and subependymal nodules, and by the neurological sequelae of epilepsy, variable intellectual disability and autism.
would suggest that directed manipulation of these pathways might be able to modify the epileptogenic process before the appearance of seizures. Research is motivated by an attempt to identify molecular signalling processes that might be involved in driving the formation of the aberrant neuronal circuitry seen in the epileptic brain, including features such as axonal sprouting and cell death that develop following a delay after an initial brain insult. Important potential master regulators of epileptogenesis have emerged in recent years, including brain-derived neurotrophic factor (BDNF)-tropomyosin-related kinase B (TRKB; also known as NTRK2) signalling [7] [8] [9] , the mTOR pathway [10] [11] [12] , the REST pathway 13 and other transcriptional regulators 14 . Here, we focus on the roles of mTOR and REST given the recent and rapid accumulation of evidence implicating these pathways in temporal lobe epileptogenesis.
Mammalian target of rapamycin. mTOR is a serine/ threonine protein kinase that is involved in multiple basic cellular functions, including cell growth, proliferation and survival. mTOR is regulated by pathways that respond to glutamatergic transmission and the energy state of the cell (FIG. 1) . In turn, mTOR regulates synaptic plasticity 15 , neuronal structure 16 and the expression of various ion channels and neurotransmitter receptors 17 . The mTOR pathway is strongly associated with epilepsy. Genetic mutations in many components of the mTOR pathway, including tuberous sclerosis complex 1 (TSC1) and TSC2, STE20-related kinase adaptor-α (STRADA), phosphatase and tensin homologue (PTEN), the gene encoding the serine/threonine kinase AKT isoform that is predominant in the brain (AKT3), phosphatidylinositol-4,5-bisphosphate 3-kinase-α (PIK3CA) and MTOR itself, produce syndromes that include epilepsy 10, 11, [18] [19] [20] ( FIG. 1) . In addition, manipulation of the mTOR pathway can modulate acquired epilepsy in animal models.
The role of the mTOR pathway in genetically determined epilepsy 11, 18 is typified by tuberous sclerosis, which results from mutations in TSC1 and TSC2 (FIG. 1) . The mechanisms of seizure generation in tuberous sclerosis are debated 21 , but seizures are thought to originate around or within cortical tubers 22 , which are foci of abnormal neuronal migration and cellular growth. Intracranial electroencephalographic monitoring in patients with tuberous sclerosis has provided evidence that at least some tubers are intrinsically epileptogenic and that they might in some cases be more epileptogenic than the perituberal cortex 23 .
Tsc1
GFAP conditional knockout mice, in which Tsc1 is deleted from glia, show astrogliosis and dislamination, with pyramidal cell dispersion in the hippocampus 24 . Glia in these mice show altered expression of gap junction proteins, potassium channels and astrocytic glutamate transporters 25 . Treatment of these mice with the mTOR inhibitor rapamycin suppresses seizures; however, seizures return if rapamycin is withdrawn 26 . Interestingly, selective deletion of the mTOR pathway gene Pten from a small subset of dentate granule cells in mice produces TLE 27 . The mechanism by which deletion of Pten in a subset of dentate granule cells might lead to epilepsy is unclear, but it caused cellular-level structural abnormalities including increased spine density and granule cell hypertrophy, and this abnormal cell growth might itself be epileptogenic. Mossy fibre sprouting in these mice was the same from wild-type granule cells as from those in which Pten had been deleted, which suggests that mossy fibre sprouting might be a consequence rather than a cause of epilepsy, at least in this mouse model.
Somatic mosaicism for gain-of-function mutations in the mTOR pathway components AKT3, PIK3CA and MTOR are responsible for some cases of the dramatic focal cortical brain malformation that occurs in hemimegalencephaly 28, 29 . This condition is almost invariably associated with medically intractable epilepsy. Mice harbouring an activating mutation in Akt3 have epilepsy and increased brain size 30 . The mTOR pathway might also be involved in acquired epilepsy. This has been investigated using rodent models of chronic acquired TLE after status epilepticus induced by the chemoconvulsants kainate 31 or pilocarpine [32] [33] [34] (kainateor pilocarpine-induced status epilepticus), TLE induced by electrical stimulation of the angular bundle 35 or the amygdala 36 , post-traumatic epilepsy after brain injury 37, 38 and models of infantile spasms 39 and early hypoxic-ischaemic injury. Rapamycin treatment before kainate-induced status epilepticus prevented the development of spontaneous recurrent seizures in a subset of rats 31 ; in those rats that did develop epilepsy, rapamycin increased the latency to seizure development and decreased the frequency of spontaneous seizures. When applied after the induction of status epilepticus, rapamycin decreased cell death, mossy fibre sprouting and aberrant dentate granule cell Box 1 | Definitions: from seizure to epilepsy Seizures Seizures are abnormal, paroxysmal changes in the electrical activity of the brain. Seizures emerge from and are an inherent property of cerebral cortical structures. However, a (single) seizure can occur in an otherwise healthy individual; such individuals are generally not considered to have epilepsy.
Epilepsy
Epilepsy, by contrast, is a neurological disorder defined as a brain state that supports recurrent, unprovoked seizures.
Epileptogenesis
Epileptogenesis is the process by which the previously normal brain is functionally altered and biased towards the generation of the abnormal electrical activity that subserves chronic seizures. The concept of a 'mechanism of epilepsy' refers to any biological feature of the brain that drives or supports recurrent, unprovoked seizures. Examples of these biological features include molecular, anatomical or circuit level alterations, such as cell death or dysregulation of an ion channel or neurotransmitter receptor. By this definition, epilepsy mechanisms may be the downstream effectors of, but are distinct from, a prior epileptogenic process.
The process of epileptogenesis is classically thought to occur in three phases: first, the occurrence of a precipitating injury or event; second, a 'latent' period during which changes set in motion by the preceding injury act to transform the previously normal brain into an epileptic brain; and third, chronic, established epilepsy. It is during the latent period that the process of acquired epileptogenesis is thought to coalesce, and it is at this point in the process that interventions might be used to prevent the subsequent development of epilepsy.
The distinction between seizures, epilepsy and epileptogenesis is well illustrated by the accumulating data indicating that classical anticonvulsants, which can terminate an ongoing seizure and decrease or prevent the occurrence of future seizures in epileptic individuals, are wholly ineffective in preventing the process of epileptogenesis 169 .
Mossy fibre sprouting
A process thought to be triggered by cell death of hilar mossy cells, leading to de-innervation of dentate granule cell dendrites, with subsequent 'sprouting' of mossy fibre collaterals and pathological granule cell autoinnervation. Whether this is a cause or consequence of temporal lobe pathology in temporal lobe epilepsy is controversial.
Hemimegalencephaly
A malformation of cortical development that is characterized by the pathological enlargement of one cerebral hemisphere and is highly associated with developmental delay and intractable epilepsy.
Kainate-or pilocarpine-induced status epilepticus
Standard and widely used models of acquired chronic focal epilepsy in rodents in which status epilepticus is elicited via the administration of a chemoconvulsant, either the glutamate agonist kainic acid (kainate) or the muscarinic acetylcholine receptor agonist pilocarpine.
neurogenesis, all of which are histopathological features associated with TLE. However, in mice, seizure frequency was unchanged by rapamycin treatment given after pilocarpine-induced status epilepticus, although the degree of mossy fibre sprouting was decreased 34 . Mossy fibre sprouting was inhibited by rapamycin given before or after status epilepticus in the kainate-or pilocarpine-induced model of TLE in rats [31] [32] [33] [34] and after status epilepticus induced by electrical stimulation of the angular bundle 35 but not in a model of TLE induced by electrical stimulation of the amygdala 36 . However, upon treatment withdrawal, the degree of sprouting returned to the levels seen in untreated epileptic animals 32 , and seizures recurred after treatment removal 33 . Hence, whereas manipulation of mTOR signalling in most rodent models of acquired epilepsy appears to modulate seizure frequency and decrease the degree of various measures of TLE neuropathology, such as mossy fibre sprouting and hilar cell loss, mTOR pathway modulation in such models has not been shown to prevent the development of epilepsy permanently. It seems that continued rapamycin administration is required to maintain any anti-epileptogenic effects. Some authors have referred to the effects of rapamycin as 'antiseizure' or 'epileptostatic' , given that rapamycin has not been shown to enact a prevention of epilepsy development that persists after rapamycin withdrawal 40, 41 . Despite these exciting recent developments and the clear role of mTOR pathway molecules in genetic epilepsy syndromes, the mechanism (or mechanisms) by which manipulation of mTOR signalling after brain injury (such as that due to status epilepticus) might modulate epileptogenesis remain unclear. These mechanisms might include inhibition of mossy fibre sprouting, neuroprotection and maintenance of the integrity of the blood-brain barrier 35 .
Repressor element 1-silencing transcription factor. REST is a transcription factor that binds to DNA-binding motifs called neuron-restrictive silencer elements (NRSEs; also known as RE1 elements). REST negatively regulates the expression of many neuronal genes in nonneuronal cells and neuronal precursor cells. It also regulates neuronal gene expression in mature neurons 42, 43 . REST binds to various co-repressors, which recruit histone deacetylase 1 (HDAC1) and HDAC2 (FIG. 1) ; these deacetylases regulate chromatin structure and repress the expression of hundreds of neuronal genes 44 . Almost 2,000 genes have REST-binding motifs 44 (although this number could be much greater 45 ), including ~10% of all neuronally expressed genes 46 , some of which encode proteins that are key regulators of neuronal excitability and have been independently proposed to be involved in epilepsy mechanisms 47 . Such genes include type A GABA (GABA A ) receptor β3 subunit (GABRB3), GABA A receptor δ-subunit (GABRD) and the ionotropic AMPA2 glutamate receptor (GRIA2), BDNF and genes encoding hyperpolarization-activated cyclic nucleotide-gated (HCN) channel subunits 1-4 (HCN1-HCN4).
More direct evidence that alterations in REST signalling might be involved in epileptogenesis continues to accumulate 48 . Status epilepticus in animal models increases the expression of REST in the hippocampus and alters the histone acetylation of prominent neuronally expressed genes 42, 49 . Status epilepticus induces promoterspecific acetylation of BDNF that is inhibited by HDAC inhibitors 49, 50 . In the kindling model, inhibition of glycolysis induces the binding of REST to the BDNF promoter, which prevents BDNF upregulation and modulates epileptogenesis, providing an interesting mechanistic link between glycolysis, BDNF-TRKB signalling (see above) and the REST system 51 . The ultimate effector (or effectors) of this signalling cascade remain unknown.
The role of HCN channels in epileptogenesis has been reviewed in REF. 52 . Dendritic HCN channels in hippocampal pyramidal cells are dysregulated after prolonged febrile seizures or after kainate-or pilocarpineinduced status epilepticus in rodents, leading to what has been termed an 'acquired HCN channelopathy' (to differentiate this from a genetic channelopathy) [53] [54] [55] . This phenomenon might be partly due to REST-mediated transcriptional repression of Hcn1 56 . Binding of REST to Hcn1 is increased after the induction of status epilepticus in a rodent model of TLE, resulting in decreased HCN1-mediated ionic currents (I h ) and altered function of CA1 pyramidal cells. Interference with REST binding to target genes (including Hcn1) using an anti-REST decoy oligodeoxynucleotide was associated with decreased seizure frequency in rats after kainateinduced status epilepticus. These examples show that status epilepticus might activate the REST pathway to suppress important regulators of neuronal excitability that have been independently proposed to be involved in pathogenic epilepsy mechanisms. It will be important
Box 2 | Temporal lobe epilepsy
Mesial temporal lobe epilepsy (TLE; also known as limbic epilepsy), refers to an electroclinical syndrome in which seizures emanate from the temporal lobe. TLE is a prominent and prevalent epilepsy syndrome in children, adolescents and adults. This syndrome is often associated with mesial temporal sclerosis -a pattern of hippocampal damage, including atrophy and gliosis, seen in humans with TLE and in animal models of chronic TLE. TLE is typically considered to be an acquired epilepsy syndrome that is triggered by a precipitating factor, such as head trauma, infection or tumour, or an episode of prolonged, uncontrolled seizure (status epilepticus), although there are known familial forms of mesial TLE [1] [2] [3] [4] 170, 171 . Lateral TLE 172 is a distinct syndrome that will not be discussed in this Review. From a basic science perspective, TLE has generally been considered as an acquired condition; likewise, temporal lobe epileptogenesis has been considered relevant to the acquired epilepsies only.
Animal models of acquired TLE have been a particularly useful tool in the study of epileptogenesis, because the animal model resembles the human condition in many key respects -chronic TLE can be induced in rodents using various types of brain injury that also cause TLE in humans. Previous studies have identified changes in molecular signalling pathways in animal models of acquired TLE, including alterations in immediate-early gene expression and the expression of various ion channels and neurotransmitter receptors. Proposed circuit-level mechanisms include synaptic reorganization, axonal sprouting and the generation of new, pathological, recurrent excitatory synaptic connections (for example, mossy fibre sprouting). Cellular-level mechanisms include inflammation, neuronal cell death (including the specific loss of mossy cells and vulnerable populations of inhibitory GABAergic interneurons), reactive astrocytosis and dispersion of existing and the generation of new dentate granule cells in ectopic locations. Some of these changes are likely to be involved in and perhaps required for the pathogenesis of epilepsy, whereas others might be reparative of or compensatory for the initial injury and ongoing chronic epileptic condition, and still other changes might simply be epiphenomenal. to determine which gene targets of REST are up-or downregulated by this pathway after status epilepticus or other brain injury. This will prove challenging given the broad activity of this pathway across the genome. If a certain REST target was identified as particularly important in driving epileptogenesis, would it be possible to selectively interrupt status epilepticus-induced, RESTmediated suppression of specific targets? Can the REST system be safely modulated in humans after brain injury (for example, with HDAC inhibitors)? Although longterm treatment with such agents might be accompanied by unacceptable toxicity, perhaps a single treatment or a short course of treatment given immediately after injury would prove safe.
The mTOR and REST pathways are exciting new potential targets for intervention in the epileptogenic process, but specific questions remain. To what extent is activation of the mTOR or REST pathways involved in driving epileptogenesis rather than being the result of this process? What are the circuit-level effects of the manipulation of key molecular signalling cascades such as the mTOR pathway and REST after status epilepticus or other brain injury? What are the relevant molecular effectors of mTOR pathway blockade or HDAC inhibition in the prevention of epileptogenesis in animal models of acquired TLE? And how widespread is the relevance of these signalling cascades across various forms of epilepsy beyond TLE?
Extensive research in animal models and in humans after brain injury using a range of prophylactic anticonvulsants, anti-inflammatory agents and neuroprotective agents has failed to demonstrate anti-epileptogenic effects 5, 6 . What hope is there that targeting the mTOR and REST pathways will meet with greater success? As opposed to classical anticonvulsants, for example, which act on one or a few discrete targets, modulation of mTOR or REST would have broad action. As there are likely to be multiple divergent mechanisms of epilepsy development, perhaps polytherapy cocktails that target multiple, parallel pathways will prove effective. Using epileptogenic circuit-level dysfunction (as discussed below) will allow us to place in context the downstream effects of mTOR and/or REST system blockade on epilepsy development and facilitate translational efforts towards therapy development.
Cell type-specific dysfunction and epilepsy Previous work studying the basic mechanisms of limbic epilepsy has identified dysfunction at the cellular level that might suggest potential targeted anti-epileptogenic interventions. Here, we discuss specific subtypes of cortical inhibitory GABAergic interneurons for which a mechanistic role in epilepsy is increasingly being recognized. A larger discussion of cortical interneuron subtypes is beyond the scope of this Review and has been addressed recently [57] [58] [59] [60] . More general roles of GABAergic inhibition in epilepsy mechanisms have been reviewed in  including the emerging potential use of GABAergic interneuron transplantation as a therapeutic treatment modality for epilepsy [65] [66] [67] . Somatostatin-positive hilar interneurons. Immunoreactivity for the neuropeptide somatostatin defines various overlapping subtypes of GABAergic interneurons in the cerebral cortex. In the dentate gyrus, most GABAergic interneuron somata that are immunopositive for somatostatin are located in the hilus 68 ; approximately 50% of all hilar GABAergic interneurons are somatostatin-positive 69 .
The synaptic terminal fields of somatostatin-positive hilar interneurons are most prominent in the outer molecular layer of the dentate gyrus, where the fibres of the perforant path terminate 70, 71 ; in addition, the dendrites of these cells are targeted by recurrent collaterals of the granule cellderived mossy fibres 72 . In turn, somatostatin-positive terminals ramify primarily with granule cell dendrites. Thus, hilar somatostatin interneurons are ideally positioned to modulate the influence of the perforant path on dentate granule cells (FIG. 2) . REST co-repressor 1 (CoREST), a component of the histone deacetylase (HDAC) complex, interacts with REST to mediate transcriptional repression. The asterisk indicates genes for which there is specific experimental evidence suggesting regulation by REST or HDAC inhibiton after status epilepticus 49, 56 . AMPK, AMP-activated protein kinase; BDNF, brain-derived neurotrophic factor; GABRB3; type A GABA receptor β3 subunit; GABRD; type A GABA receptor δ-subunit; GRIA2, ionotropic AMPA 2 glutamate receptor; HCN1, hyperpolarization-activated cyclic nucleotide-gated channel subunit 1; IRS1, insulin receptor substrate 1; KCC2; potassium/chloride co-transporter 2; KCNC, potassium voltage-gated channel subfamily C; LKB1, liver kinase B1 (also known as serine/threonine kinase STK11); mTORC1, mTOR complex 1; PDK1, 3-phosphoinositidedependent kinase 1; PI3K, phosphoinositide 3-kinase; PtdIns(4,5)P 2 , phosphatidylinositol-4,5-biphosphate; PtdIns(3,4,5)P 3 , phosphatidylinositol-3,4,5-triphosphate; PTEN, phosphatase and tensin homologue; RHEB, RAS homologue enriched in brain; STRADA, STE20-related adaptor protein-α; TSC, tuberous sclerosis complex. Part a is modified, with permission, from Selective loss of somatostatin-positive GABAergic hilar interneurons is a well-documented and consistent finding in animal models of TLE 73, 74 and is found in the sclerotic hippocampus from humans with TLE 75 , indicating that these neurons are highly and selectively vulnerable to excitotoxic and ischaemic damage. In the kainate model of chronic TLE in mice, surviving somatostatin-positive hilar interneurons show axonal sprouting to form new synapses with dentate granule cells 76 , which is consistent with increased somatostatin immunoreactivity in the dentate molecular layer in human TLE 77 . This might be a way to restore the compromised levels of inhibition that are produced in part by the loss of inhibitory interneurons. Interestingly, axonal sprouting by somatostatin-positive hilar interneurons is inhibited by rapamycin 78 . The consequences of the loss of somatostatin-positive hilar interneurons and the changes that surviving neurons undergo in the context of hippocampal circuit function are subjects of ongoing investigation.
Fast-spiking cells and epilepsy. Parvalbumin-positive fast-spiking basket cells are key regulators of inhibition in the cerebral cortex. Fast-spiking cells are the most numerous subtype of cortical interneuron 79, 80 . These cells form powerful, proximally localized synapses on the soma and axon initial segment (AIS) of postsynaptic cells, exerting fine control over the timing and probability of target cell discharge. Fast-spiking cells mediate feedforward and feedback inhibition that is recruited by specific spatiotemporal patterns of excitatory activity 81 . In addition, fast-spiking cells form dense interconnected networks through specific gap junctional coupling, which contributes to the function of these cells in the generation of fast oscillations within cortical structures. Modelling studies predict that perisomatically targeted inhibitory cell activity produces gamma oscillations 82 . Optogenetic activation of parvalbumin-positive fast-spiking cells augments gamma-band oscillatory activity in the neocortex 83, 84 . In turn, dysfunction of interneuron-mediated gammaband synchronization has been proposed to contribute to TLE mechanisms 85 . Specific optogenetic activation of parvalbumin-positive interneurons in the hippocampus terminated seizures in a mouse model of TLE 86 . Genetic manipulation of interneuron progenitors in the medial ganglionic eminence (MGE) that are destined to become parvalbumin-positive fast-spiking cells causes epilepsy in mice [87] [88] [89] . In addition, genetic mutation or experimental manipulation of various ion channel genes that are prominently or exclusively expressed in fast-spiking cells (including the voltage-gated potassium channel genes KCNA1 and KCNC2 (REF. 93 )) causes epilepsy in humans and in mouse models.
Mutations of SCN1A (which encodes the voltage-gated sodium channel subunit Na V 1.1) causes a spectrum of related epilepsy syndromes, including generalized epilepsy with febrile seizures plus (GEFS+) and Dravet syndrome [94] [95] [96] . Initial functional studies of SCN1A mutations associated with GEFS+ yielded inconsistent results; however, similar studies of the more severe Dravet syndrome phenotype showed a loss of function caused by haploinsufficiency 97 . The loss of function caused by haploinsufficiency was explained by evidence showing that mutation of SCN1A generates epilepsy by a selective reduction in the sodium current in cortical inhibitory GABAergic interneurons relative to pyramidal cells, which leads to decreased action potential firing frequency in interneurons [98] [99] [100] [101] [102] [103] . This was a very attractive hypothesis as to the mechanism of Dravet syndrome, given the important role of fast-spiking cells in the regulation of cortical inhibition. The sodium current might be particularly reduced in cerebral cortical parvalbumin-positive fast-spiking interneurons in which Na V 1.1 appears to be prominently and perhaps differentially expressed relative to pyramidal cells and parvalbumin-negative interneurons 104 . Further supporting this theory, interneuron-specific deletion of Scn1a in the forebrain using Dlx1/2 Cre transgenic mice causes an epilepsy phenotype that is similar to global heterozygous deletion of Scn1a 105 . In addition, pathology in these mice begins to appear at the same time that fastspiking interneurons acquire a mature electrophysiological phenotype 106, 107 , which might be the developmental time point at which cortical structures begin to rely on fast-spiking cells as a major source of inhibition. However, a published voltage-clamp recording of sodium currents from interneurons and principal cells in mouse models of Dravet syndrome exists only for dissociated hippocampal neurons in culture 98 and neurons from the visual cortex 104 . Previous data showed that Na V 1.1 is expressed at the AIS, soma and dendrites of pyramidal cells 108, 109 , but more recent findings in adult rats suggest that Na V 1.1 expression in the neocortex and hippocampus is restricted to the AIS of parvalbumin-positive interneurons 110 . This unresolved issue complicates the interpretation of the proposed cell type-specific dysfunction in mouse models of Dravet syndrome. Such dysfunction might reflect true cell type-specific differences in Na V 1.1 expression or differential compensation by other sodium channel genes in pyramidal cells as compared with interneurons. This compensation might occur differently in the various mouse models of Dravet syndrome (such as Scn1a knockout mice, knock-in mice harbouring a nonsense mutation in Scn1a or bacterial artificial chromosome (BAC) transgenic mice expressing a mutation from a human patient with Dravet syndrome), although haploinsufficiency seems to be a common theme. Genetic background strain and developmental effects might also affect the phenotype of mouse models of Dravet syndrome. That interneuron-specific Scn1a knockout recapitulates the phenotype of the global null mutation shows that Scn1a deletion in cortical interneurons is sufficient to produce a Dravet-like phenotype in mice; however, this does not prove that forebrain interneurons are the necessary and exclusive locus of cellular dysfunction in Dravet syndrome or that the absence of Na V 1.1 in fastspiking cells is the mechanism of Dravet syndrome. As mentioned above, many perturbations directed towards fast-spiking cells produce severe epilepsy, at least in mouse models, so it is not surprising that deletion of a major sodium channel that underlies action potential generation in these cells will cause hyperexcitability in cortical circuits with resultant epilepsy. Furthermore, although the SCN1A mutation is the most common cause of Dravet syndrome, accounting for approximately 70% of cases 95, 96 , mutations in other genes can cause a Dravet or Dravet-like phenotype. These genes include GABRG2 (REF. 111 ), the gene encoding sodium channel-β1 subunit (SCN1B) 112, 113 , the gene encoding Na V 1.2 (SCN2A) 114, 115 and protocadherin 19 (PCDH19) 116 , suggesting that multiple genetic mechanisms can produce Dravet or Dravet-like syndrome. Whether these genetic mutations converge on fast-spiking cell dysfunction is unknown.
Dravet syndrome spectrum disorders might represent a point of convergence between acquired and genetic mechanisms of epilepsy. Mutations of SCN1A (or other Dravet syndrome spectrum genes) generate a strong genetic predisposition to febrile and afebrile seizures in humans. Patients with Dravet syndrome are not born with epilepsy, just as mice with Scn1a (or Scn1b 117 ) mutations do not exhibit spontaneous seizures until the late second or early third postnatal week. Like patients with Dravet syndrome spectrum disease, mouse models initially show temperature-sensitive seizures before the emergence of spontaneous seizures 98, 100, 104 . As described above, prolonged febrile and afebrile seizures (particularly status epilepticus) can trigger a secondary cascade of events that might compound the pathology, leading to neuronal plasticity and epileptogenesis 118, 119 . Interestingly, focal TLE has been reported in patients with the SCN1A mutation and GEFS+ 120, 121 . TLE has also been reported in a small group of patients with GEFS+ that is due to the SCN1B mutation, including one patient without known history of prolonged febrile seizure or status epilepticus who had TLE with mesial temporal sclerosis (BOX 2) and who underwent successful temporal lobectomy 122 . Of further interest, transgenic mice expressing a gain-of-function Scn2a mutation have epilepsy and mesial temporal sclerosis 123 . Although MRI scans of patients with Dravet syndrome are typically normal initially, hippocampal sclerosis develops over time in some patients [124] [125] [126] . This concept of epileptogenesis, linking sodium channel mutations, febrile seizures, status epilepticus and TLE, blurs the distinction between the classical mechanisms of epilepsy that are driven either by acquired brain injury or genetic mutation. Hence, it might be possible to intervene medically before the emergence of seizures in at-risk patients, in whom risk is defined by vulnerable genetic background in addition to exposure to brain injury. Possible interventions might include dietary therapies (for example, the ketogenic diet 127 ), stem cellbased therapies to replace a dysfunctional cell type or targeted pharmacological or optogenetic agents tailored to a specific neuronal cell type.
The mechanisms by which the SCN1A mutation leads to epilepsy are highly controversial and are the subject of intense ongoing investigation. Recent data on Scn1b null mice might further complicate the picture. These mice show abnormal neuronal proliferation, neuronal migration and axonal targeting at early developmental time points, before the appearance of seizures 128 , suggesting that neurodevelopmental abnormalities might contribute to epilepsy in these mice. As Scn1b regulates the physiology, surface expression and subcellular targeting of Scn1a, perhaps Dravet syndrome represents a neurodevelopmental disorder of which epilepsy is but one prominent component. That said, the delayed appearance of epilepsy does not necessarily imply an underlying epileptogenic process; it could be that the circuit elements that underlie seizure generation are simply not mature until a particular age (see above). This is clear from the fact that seizures appear days, months or years after birth in Dravet syndrome and in other genetic epilepsies. We suggest that a more complete understanding of these issues will require further investigation of the roles of fast-spiking cells in the normal function of cortical circuits and the mechanisms and consequences of fast-spiking cell dysfunction in circuit operations in Scn1a mutant mice.
Circuit dysfunction in epileptogenesis
Seizures are network-level phenomena, and the incomplete knowledge of neuronal circuit function has left a gap in our understanding of how disruption at a molecular or cellular level generates epilepsy in the intact organism. We argue that bridging this gap will require large-scale, dynamic, circuit-level analysis. Ongoing research in animal models of TLE has been facilitated by recent advances in network-level functional imaging techniques such as voltage-sensitive dye (VSD) and calcium imaging, which allow simultaneous monitoring of the activity of large numbers of neurons at high temporal resolution. The additional use of optogenetic techniques allows researchers to manipulate defined subsets of neurons within these circuits with millisecond precision 86, 129, 130 . For example, in an animal model of post-stroke epilepsy, HCN channel dysregulation renders thalamic relay neurons hyperexcitable, and optogenetic silencing of these cells interrupts seizures 131 . These techniques are ideally suited for the study of circuit-level phenomena such as seizures and the circuit-level dysfunctions that underlie epilepsy.
Within the temporal lobe, there is an intimate relationship between the hippocampus and entorhinal cortex -two potentially epileptogenic brain regions -formed by multiple re-entrant circuit loops (FIG. 2) . These synaptic loops are important for normal hippocampal network operations but also render the temporal lobe particularly vulnerable to the generation of abnormal electrical activity and underlie the predisposition of temporal lobe structures to epileptogenesis 132, 133 . Here, we focus our discussion on two important discrete circuit elements in the temporal lobe, both of which have been proposed to be involved in the pathology of TLE: the dentate gate between the entorhinal cortex and area CA3, and the temporoammonic pathway between the entorhinal cortex and area CA1. Large-scale dynamic imaging has provided insights into the normal operation and dysfunction of these circuit elements in epilepsy.
The dentate gate in limbic epileptogenesis. The dentate gyrus has been a particular focus in the study of TLE for various reasons. The dentate gyrus is the locus for the classical temporal lobe circuit rearrangement of mossy fibre sprouting, which is seen in human TLE and in animal models 134, 135 ; sprouting also occurs from CA3 pyramidal cells and mossy cells in the dentate hilus in animal models of TLE 136 . The time course of the appearance of mossy fibre sprouting, which occurs following a delay after brain injury, is concordant with the latent period of temporal lobe epileptogenesis. However, the role of mossy fibre sprouting in epileptogenesis remains controversial 135 . There are additional anatomical alterations in this region in TLE, including dispersion of dentate granule cells, abnormal granule cell neurogenesis, the appearance of granule cells in ectopic locations and the loss of mossy cells and vulnerable populations of inhibitory interneurons in the dentate gyrus and hilar region.
Under normal conditions, the dentate gyrus strongly filters afferent input, relaying only a small component of incoming, synchronous cortical synaptic inputs to its downstream target, hippocampal area CA3. This phenomenon has been termed the 'dentate gate' 132, 133, 137 . Dentate gating is thought to allow the dentate gyrus to filter entorhinal cortex input through the perforant path to the hippocampus, selecting inputs and enacting a 'sparse coding' scheme that is thought to be important for the computational functions of the dentate gyrus in pattern separation 138 . Dentate granule cells also have roles in the modulation of CA3 place cell behaviour 138 and in cognitive processes such as learning and memory 139, 140 . In addition, the gate is thought to protect downstream area CA3, which is vulnerable to metabolic challenges, from excitotoxic damage that could be induced by aberrant hypersynchronous entorhinal cortical activity. A significant contributor to this emergent network phenomenon is the small percentage of dentate gyrus granule cells that are activated by perforant path stimulation (2-5% in vitro 141 ). A similarly small percentage (2%) of dentate granule cells are active during spatial navigation in animals in vivo 142 . For these reasons, the assessment of gating is important as a network-level output measure of dentate gyrus function under normal conditions and of circuit dysfunction in epilepsy. This phenomenon can readily be shown electrophysiologically in vitro, where epileptiform activity in the entorhinal cortex induced by pharmacological 
VSD
manipulation does not propagate through the dentate gyrus to area CA3 under control conditions (FIG. 3) but does so, for example, after blockade of GABAergic inhibition (FIG. 3) or in the kindled hippocampus 143 . Dentate gating has also been demonstrated using large-scale VSD imaging of the dentate: stimulation of the perforant path produced an excitatory response in the inner molecular layer of the dentate gyrus that subsequently spread to the granule cell layer of the dentate gyrus as well as the proximal hilus but did not activate area CA3 (REF. 144 ). Understanding the mechanisms that underlie the breakdown of dentate filter function is a goal of ongoing research, as protecting or bolstering the gate after brain injury or the induction of status epilepticus could theoretically modulate epileptogenesis.
The mechanisms of dentate gating are probably diverse but are likely to include the intrinsic electrophysiological properties of dentate granule cells, unique integrative features of granule cell dendrites 145 and multiple forms of inhibition that operate within the dentate gyrus. There is potent feedforward and feedback inhibition of perforant path-evoked dentate gyrus granule cell activity (FIG. 2) , and granule cells are also subjected to powerful tonic inhibition. Although the granule cells themselves rarely fire action potentials in response to perforant path activation, resident GABAergic interneurons are also targets of perforant path input (for example, parvalbumin-positive fast-spiking basket cells in the dentate gyrus granule cell layer 146 and, perhaps, somatostatin-positive cells in the hilus 147 ) and have been shown to activate readily, thereby constraining granule cell activity through feedforward and feedback inhibition.
There is accumulating evidence that transient dentate gate dysfunction develops during the latent phase of TLE in rodent models. Such data suggest that this dysfunction involves GABA A receptor alterations, dysregulation of the maintenance of chloride gradients and acute loss of GABAergic interneurons in the dentate hilus. The generation of acute brain slices prepared from epileptic rodents after the induction of status epilepticus combined with large-scale, high-speed dynamic optical imaging of population activity has proven to be a powerful approach to the elucidation of circuit-level mechanisms of epileptogenesis.
VSD imaging in rodent brain slices showed networklevel dysfunction of the dentate gate during the latent period of chronic TLE 148 . Dentate-mediated filtering of perforant path activation, as measured by the depolarization of upstream area CA3, was compromised during the latent period but recovered during the chronic phase of TLE (FIG. 4) . Hence, the dentate gate is 'open' for a brief period of time corresponding to the latent period. One mechanism underlying the breakdown of the dentate gate is a depolarizing shift of the reversal potential for GABAmediated postsynaptic potentials (E GABA ) in dentate gyrus granule neurons 148 : E GABA is typically very hyperpolarized in granule cells under baseline conditions but shifts to markedly less hyperpolarized levels 1 week after the induction of status epilepticus, returning again to baseline levels in the chronic phase of TLE. The basis of this transient depolarizing shift in E GABA is decreased expression of potassium/chloride co-transporter 2 (KCC2; also known as SLC12A5), which normally extrudes chloride from cells and sets E GABA at very hyperpolarized levels in granule cells; the result is altered synaptic integration in dentate granule cells and transient pathological hyperexcitability in response to perforant path activation. The developmental 'GABA switch' that renders GABA hyperpolarizing involves the upregulation of KCC2 and the downregulation of sodium/potassium/chloride co-transporter 1 (NKCC1; also known as SLC12A2) 149, 150 . The above observation is interesting in the context of the finding that KCC2 expression can be suppressed by REST 151 (as well as by neurotrophins 152 ), possibly linking a molecular signalling cascade with the transient dentate gate dysfunction that is seen during the latent period.
The potential anti-epileptogenic properties of the NKCC1 antagonist bumetanide have been tested in the pilocarpine-induced status epilepticus model of TLE in rats. Bumetanide, when administered alone after status epilepticus, had no effect on the subsequent development and progression of epilepsy, and the addition of bumetanide to a cocktail of diazepam and phenobarbital administered after status epilepticus did not produce 
GABA switch
In the developing brain, GABA is an excitatory neurotransmitter and depolarizes neurons. As the brain matures, a shift in the chloride potential of neurons causes the effects of GABA to become hyperpolarizing and hence inhibitory.
Stratum lacunosummoleculare
A hippocampal layer that is located superficially relative to the stratum radiatum beneath the pial surface and contains the perforant path input onto distal dendritic tufts of CA1 pyramidal cells.
Stratum radiatum
A hippocampal layer located just superficially relative to the stratum lucidum in area CA3 and to the pyramidal cell layer in areas CA2 and CA1 that contains the Schaffer collateral axons from areas CA3 to CA1 and the dendrites of CA1 pyramidal cells.
Stratum oriens
A relatively cell-free layer in the CA subfields of the hippocampus that is located below the pyramidal cell layer that contains the axons of hippocampal pyramidal cells, along with various types of GABAergic interneurons including oriens-lacunosum moleculare interneurons.
any additional effect on seizure frequency beyond that of diazepam and phenobarbital alone 153 . The development of other strategies to protect the dentate gate after status epilepticus are needed to test the hypothesis that maintenance of dentate gate function during the latent period could be anti-epileptogenic.
Temporoammonic pathway dysregulation in limbic epileptogenesis. Under normal conditions, the excitatory postsynaptic potential (EPSP) generated by temporoammonic input to area CA1 is restricted to the apical tuft of CA1 pyramidal cells by GABAergic inhibition 154 , does not propagate to the cell soma 154, 155 and hence does not typically elicit action potential firing 154, 155 . Instead, the soma primarily responds to temporoammonic pathway activation with an inhibitory postsynaptic potential, which reflects proximally targeted disynaptic inhibition. This response of area CA1 to temporoammonic pathway stimulation is another circuit-level output measure of a component of the hippocampal circuit that can be used to assay large-scale network function (or dysfunction). The mechanisms that underlie this phenomenon include a high density of HCN channels in distal dendrites of CA1 hippocampal pyramidal cells 156, 157 and disynaptic feedforward inhibition that might originate from oriens lacunosum-moleculare (O-LM) interneurons. Pharmacologic blockade of GABAergic inhibition results in the loss of this spatial segregation of temporoammonic excitatory input in the stratum lacunosum-moleculare, with subsequent propagation of temporoammonic EPSPs to the stratum radiatum and stratum oriens 154 . Correspondingly, feedback inhibition driven by stimulation of GABAergic interneurons in the stratum oriens further constrains temporoammonic pathway-evoked EPSPs in CA1 hippocampal pyramidal cells.
Temporoammonic pathway dysfunction in rodent models of acquired chronic TLE results from disinhibition owing to acute loss of interneurons after status epilepticus, upregulation of T-type calcium currents (I Ca,T ) in CA1 hippocampal pyramidal cells and downregulation of dendritic I h 158,159 .Overall, dendritic inhibition is decreased in CA1 hippocampal pyramidal cells in rodent models of TLE 160 . The A-type potassium current (I A ) is downregulated in CA1 hippocampal pyramidal cell dendrites in the pilocarpine model of chronic TLE in rats 53 . In the same model, I Ca,T appears to be upregulated in dendrites of CA1 hippocampal pyramidal cells, which leads to a change in firing mode from tonic to bursting 159, [161] [162] [163] . It is thought that CA1 hippocampal pyramidal neurons probably possess an intrinsic burst mechanism mediated by I Ca,T that is normally suppressed by I A ; however, downregulation of dendritic I A in combination with upregulation of I Ca,T unmasks and amplifies aberrant bursting in these cells 159 . Among temporal lobe structures, the dentate gyrus is the least prone to the generation of spontaneous epileptiform discharges in vitro 164 . Inhibition in the dentate gyrus is enhanced rather than impaired in the chronic phase in the kainate 165 and pilocarpine 166, 167 rat models of TLE 165 , which is consistent with the results described above. Surprisingly, although dentate gate function is impaired during the latent period, it recovers in the chronic phase of TLE in a rodent model 144 (FIG. 4) . In addition, activation of area CA1 is actually decreased in the chronic phase of TLE in response to the stimulation of the Schaffer collateral pathway. However, it is the processing of entorhinal cortex input by area CA1 that is markedly impaired in chronic TLE. Excitation in area CA1 that occurred in response to the stimulation of the temporoammonic pathway was increased tenfold in chronic TLE 144 . Combined, these dynamic changes create a transient breakdown of the dentate gate, which is followed by long-standing pathological hyperexcitability within the temporoammonic pathway that allows aberrant entorhinal cortical input to enter the hippocampus through the disinhibited temporoammonic pathway. Thus, circuit-level analysis allows network excitability to be compared between control and epileptic brains at multiple time points in the epileptogenic process, integrating the multitude of changes that occur during limbic epileptogenesis and generating a large-scale physiological output measure that correlates with changes in the intact organism.
Conclusions
Here, we have presented a selected review of recent work on the mechanisms of epileptogenesis, citing specific examples chosen from a set of emerging themes in the field, including dysregulation of molecular signalling pathways, cell type-specific dysfunction and pathology of discrete circuit elements. Some of the issues that have been discussed remain quite controversial. Although we have largely restricted our discussion to mechanisms of TLE and Dravet syndrome, this focus can and should be expanded to other brain areas and models of other epilepsy syndromes, both acquired and genetic. We argue that the roles of individual molecules, particular cell types or a large-scale molecular signalling cascade in epileptogenesis will be best understood in the context of a circuit analyses. This can be seen in the overlap between the themes that we have discussed.
Epilepsy prevention was defined as Benchmark Area I of the 2007 National Institute of Neurological Disorders and Stroke (NINDS) Epilepsy Research Benchmarks 168 . The data highlighted here illustrate new avenues that hold promise of achieving this goal. Theorized mechanisms of epileptogenesis have moved beyond alterations of ion channels and neurotransmitter receptors to include cell type-specific dysfunction such as 'interneuronopathies' as well as dysregulation of master regulatory pathways such as REST and mTOR. We suggest that these various themes all converge at the level of brain circuits, the defining neurophysiological mediators of epilepsy. However, significant questions face the field as we move forward, and we have raised many more questions than we have answered. This is perhaps necessarily the case as we are still without anti-epileptogenic therapies, although we do have new and qualitatively different treatment targets. Future research directions should explore the effects of genetic manipulations, dysfunction of defined cell types and alterations in key cell signalling pathways on circuit function. Such analyses establish a framework within which we can analyse potential molecular and cellular targets for pharmacological and genetic manipulation and therapeutic intervention in the epileptogenic process. This concept provides support for the idea that epileptogenesis is a clinical problem that is amenable to medical intervention and hope for a future in which epilepsy can be prevented.
